Introduction
Publication of the complete genome sequencing of Helicobacter pylori in 1997 opened a new era in our understanding of this bacterium's metabolism at the genomic level and revealed the molecular basis of conserved cellular processes such as DNA replication, chromosome segregation and cytokinesis [1] . It further facilitated studies on the biology, pathology and immunology of H. pylori, resulting in identification of important factors involved in pathogenesis such as CagA, VacA and T4SS [1] . However, the basic mechanisms of cell division and DNA replication are yet to be elucidated in detail.
Most of the studies relating to DNA replication and cell division in bacteria until recently remained confined to model systems such as Escherichia coli, Bacillus subtilis and Caulobacter crescentus. In rod-shaped bacteria, cell division starts by formation of a ring with the tubulin-like protein FtsZ followed by the invagination of all the cell envelope layers (membrane and peptidoglycan) to form a septum, resulting in the splitting of the cell into two compartments [2] . The divisome complex [3, 4] of E. coli consists of at least 12 proteins, namely FtsZ, FtsA, ZipA, FtsK, FtsQ, FtsL, FtsB, FtsW, FtsI (penicillin binding protein (PBP) 3), FtsN and number of other proteins including the main peptidoglycan polymerase PBP1B, AmiC (along with AmiA and AmiB) and EnvC (along with NlpD) hydrolases. Absence of any one of these proteins abolishes cell division [2, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . The initiation of cytokinesis or septation starts with the polymerization of FtsZ, just after the initiation of replication, and is completed only after the segregation of nucleoids [14] . It starts with the appearance of FtsZ at the future division site, followed by recruitment of downstream proteins [15- 
19].
FtsZ is an essential, highly conserved cytosolic cell division protein, present in bacteria, mitochondria and plants [20] . It is a eukaryotic tubulin homolog having intrinsic GTPase activity [17, 21, 22] . In the presence of GTP, it polymerizes to form a ring along the membrane (Z-ring) that serves as a scaffold for the downstream proteins involved in divisome assembly [23] . The sequence of recruitment of proteins at the cell division site is FtsZ > FtsA/ZipA > FtsE/FtsX > FtsK > FtsQ > FtsB/FtsL > FtsW > FtsI > FtsN [17] .
To initiate septation, FtsZ is recruited to the membrane by ZipA and FtsA. The C terminus of FtsZ interacts with the C terminus of ZipA while the N terminus of ZipA interacts with the membrane to dock FtsZ [24, 25] . Another early cell division protein, FtsA, a eukaryotic actin homolog having intrinsic ATPase activity, is essential for recruitment and stabilization of the FtsZ ring [23] . FtsA is also a cytoplasmic protein, having a C-terminal amphipathic helix that targets FtsA to the membrane and an N terminus that interacts directly with FtsZ. FtsK, which is recruited late at the division site, is a septum-located DNA translocase. It coordinates chromosome segregation with the late stage of cytokinesis [9, 26, 27] . N terminus of FtsK is involved in the assembly of cell division machinery, while the C terminus has an ATP-dependent DNA transporting motor activity that moves double stranded DNA in the right direction across the septum, ensuring equipartition [28, 29] . Bio-informatic analysis of the H. pylori genome shows the presence of obvious homologs of E. coli cell division proteins such as FtsZ, FtsA, FtsK and MinC. However, some of the essential proteins, such as FtsQ, FtsB, MukBEF and SlmA, have not been found in the H. pylori genome [1] .
The MukBEF complex is an SMC homolog responsible for chromosome compaction [30] . SlmA is a nucleoid occlusion protein that prevents the formation of the FtsZ ring over the nucleoid and prevents fragmentation of nucleoid [31] . The apparent absence of these proteins in H. pylori may reflect its unique cell division mechanism. It is possible that functional homologs of some of these missing proteins are present in H. pylori, and this needs thorough investigation.
Helicobacter pylori also shows unique features in its chromosome replication machinery distinct from those in the most-studied bacteria, E. coli and B. subtilis. The replication origin HporiC has a bipartite nature; both parts showed affinity for HpDnaA and were essential for viability [32] . Along with DnaA, other components of the replication machinery, such as DnaB, the replicative helicase, DnaG, the primase, and single strand DNA binding protein (SSB), have been characterized [33] [34] [35] [36] [37] . A homolog of DnaC, a helicase loader, is absent in H. pylori. However, a protein encoded by an open reading frame (ORF), Hp0897, has been reported recently that interacts strongly with HpDnaB and stimulates all the enzymatic activities of HpDnaB suggesting its potential role as a helicase loader [37] .
Immuno-localization studies on fixed H. pylori cells, as well as live cell imaging using HpSSBGFPMut3 (unpublished), has revealed the polar assembly of the replisome at initiation. Chromosome replication in H. pylori starts at one pole and terminates in the middle, whereas in some other systems replication initiates in the middle and also terminates in the middle [14, 16, 38] . The polar initiation and movement of the replisome complex during the cycle and the association of the replisome complex with the membrane represent unique features of DNA replication in H. pylori [38] . Polar DNA replication initiation has also been observed in C. crescentus. However, in contrast to H. pylori, C. cresecentus oriC remains at the flagellar end of the swarmer cells while the ter sequence is found at the opposite end. Immediately after the duplication, one of the daughter oriC moves to opposite pole while the ter sequence is transported to the middle [39] [40] [41] .
In contrast to DNA replication, information regarding the cell division process in H. pylori is rather limited. It has been shown that FtsZ is assembled at the pole in H. pylori and gradually moves to the cell middle [42] . This study showed a striking difference between the cell division of H. pylori and E. coli but general similarities with the unrelated bacterium C. crescentus, where initial polar FtsZ assembly and asymmetrical cell division has been observed [43] . In later stages, FtsZ relocalizes to mid-cell when forced to depolymerize at the poles through the action of MipZ [43] . However, no MipZ homolog has been found in H. pylori yet. We have also identified a ZapA-like protein in H. pylori and showed the interaction of the putative ZapA protein with HpFtsZ [44] . In this work, we investigated the cell divisome assembly of H. pylori by characterizing the intracellular locations of three essential cell division proteins, namely FtsZ, FtsA and FtsK, during chromosome replication and cell division. Along with divisome assembly, we also studied the membrane synthesis and peptidoglycan assembly in H. pylori. In addition, we showed the association of cell division protein(s) with the DNA replisome complex and found that divisome components colocalize with the replisome throughout the replication process, demonstrating a possible association of chromosome replication, segregation and cell division in H. pylori. These results reflect the unique biology of this pathogenic bacterium.
Results
Genes of the dcw cluster are scattered throughout the genome of H. pylori
The bacterial division and cell wall synthesis (dcw) cluster contains a group of genes involved in division and cell wall synthesis and is typically arranged in an ordered manner in the genome [24, 25, 45] . Genomewide analysis across bacterial species reveals strong correlation between the conservation of the dcw cluster and cell shape. The cluster is highly conserved in rodshaped bacteria and is dispersed in other bacteria. The E. coli dcw cluster is composed of 16 genes with mraZ being the first gene and envA being the last of the cluster [45] [46] [47] [48] . In contrast, most of the dcw genes of H. pylori strain 26695 are found to be scattered throughout the genome individually or in smaller clusters, as for FtsA, which forms a transcriptional unit with Hp0977 and FtsZ. FtsI and FtsW in its downstream forms single transcription unit (Fig. 1A) . The distribution of dcw genes in other H. pylori strains (J99 and P12) was also found to be scattered (data not shown). Most of the essential genes of the dcw cluster are not yet annotated in the H. pylori genome, an example being ddlB, which has no obvious homologue. ddlA is found to be clustered with murF and an uncharacterized ORF. In E. coli, mraD and mraY are found together in a single operon whereas there is no evidence of mraZ and mraW in H. pylori. In contrast to their locations in E. coli, murB, murG and murE are found in different clusters having their own operon in opposite orientations. murG is found associated with an uncharacterized ORF1154 of H. pylori, whereas murB is located alongside other genes such as fliQ, fliL, trbB, ileS and Hp1423. murE is found clustered with Hp1492, Hp1493 and tal. ftsW and ftsI occur separately in opposite orientation. envA, the last gene of the dcw cluster, is found, uncharacteristically, between ftsZ and murB, in opposite orientation forming a cluster with Hp1053, a minC homolog and an uncharacterized ORF1054 of H. pylori, instead of its usual location at the extreme end. The detailed positions and orientations of the genes comprising the dcw cluster are shown in Fig. 1A . Evidently, they are scattered in different clusters of genes located at relatively distant positions with remarkably diverse orientations of their transcription. Table 1 shows the status of dcw genes in H. pylori with respect to E. coli [49] .
HpFtsZ and all the components of cell divisome are localized at both the poles as well as between the nucleoids To study the localization of HpFtsZ, we generated H. pylori P12 cells expressing FtsZGFPMut3. For expression of fusion protein and GFPMut3, we used the pWS311 vector. Polyclonal antibodies against HpFtsZ were generated in mice as described in 'Experimental procedures'. Expression of fusion protein was further confirmed by western blot experiments using antibodies again HpFtsZ. These antibodies recognized endogenous HpFtsZ in the wild-type strain whereas both the endogenous protein and the GFP fusion proteins were detected in the transformed H. pylori cells (Fig. 1B) . Expression of the fusion proteins was further confirmed by western blot experiments using antibodies against GFP (Fig. 1C) . HpFtsZGFPMut3 showed distinct foci in both dividing and non-dividing cells. In non-dividing cells, we observed polar localization of FtsZGFPMut3. The foci were found at the poles ( Fig. 2A, panel 1 , left to right). In dividing cells, we found FtsZ foci at both the poles as well as between the two dividing nucleoids ( Fig. 2A, panel 2 , left to right). In multi-nucleoid cells, FtsZ foci were observed between the nucleoids as well as at both the poles ( Fig. 2A, panel 3 , left to right). In contrast, H. pylori cells expressing only GFPMut3 showed a diffused pattern (Fig. 2B) .
To check the localization of endogenous HpFtsZ and to negate the effect of the large GFP tag in live cells, we performed an immunofluorescence assay (IFA) using HpFtsZ antibodies in fixed H. pylori 26695 cells. Immunofluorescence images showed a similar pattern of FtsZ localization to that observed for FtsZGFPMut3 in P12 cells. FtsZ foci were found at both the poles (Fig. 2C, panel 2) as well as at a single pole in mononucleoid cells (Fig. 2C, panel 1) . However, FtsZ foci were also observed in between the nucleoid in dividing binucleoid cells along with polar localization (Fig. 2C, panel 3 ). An IFA using Preimmune sera under the same experimental conditions did not show any distinct signal (data not shown).
It is intriguing that FtsZ is assembled at both the poles in mononucleoid cells as well as in dividing cells in H. pylori. In E. coli the FtsZ ring is assembled mostly at the middle in between the separated nucleoids and observed in dividing cells only [19, 50] .
The polar FtsZ assembly prompted us to examine the localization of another early cell division protein, FtsA, involved in the assembly of the active divisome complex in H. pylori. It is known in bacterial systems that FtsA is essential for the recruitment and stabilization of the FtsZ ring [23] . For this purpose, immunocolocalization studies were performed using antibodies against FtsZ and FtsA [44] . We found that both the proteins colocalize with each other (Fig. 2D ). Foci were found merging with each other both at the poles and between the separated nucleoids. These observations further suggest the active polar assembly of the cell divisome complex in H. pylori cells. We also observed the interaction between FtsZ and FtsA by in vitro pull-down assay (Fig. 2E) .
To investigate the assembly of the late cell division complex, we performed immunocolocalization of FtsK (late cell division protein) and FtsA. For this purpose, we generated antibodies against FtsK which recognized a specific band (~100 kDa) in H. pylori lysate following western blot analysis while no such band was visible in the blot treated with preimmune sera (Fig. 2F) . Colocalization data revealed that FtsK foci were colocalized with FtsA in both dividing and non-dividing cells. Foci were again found at both the poles as well as in between the nucleoids (Fig. 2G ), suggesting that both the early and the late divisome complexes assemble at the pole and may be active at the pole.
Polar membrane synthesis and its colocalization with FtsZ
During septum formation at the time of cell division, new membrane synthesis takes place in the mid-cell region. FM1-43FX is a specialized dye that inserts into the outer leaflet of cell membrane [51] [52] [53] . To locate the place of membrane synthesis in H. pylori, we stained the H. pylori cells with fluorescent FM1-43FX membrane dye. Subsequently, the site of synthesized membrane was tracked by fluorescence microscopy (Fig. 3A) . Microscopic images showed that membrane synthesis occurs at poles in H. pylori cells, both in dividing and non-dividing cells. However, in dividing cells, membrane assembly was also found at the septum between the daughter nucleoids. Upon close inspection, we found that membrane synthesis was significantly higher at one pole compared with the other indicating differential membrane synthesis at the two poles. When we examined localization patterns of FtsZ foci and FM1-43FX dye in H. pylori 26695 cells, we found strong correlation between FtsZ assembly and membrane accumulation. Membrane synthesis was observed at FtsZ assembly points (Fig. 3B ). Persistent observations of colocalization of FtsZ foci with sites of membrane growth suggest possible coordination between cell divisome assembly and the membrane synthesis machinery.
Statistical analysis of cell divisome assembly
In order to evaluate the intracellular positions of divisome assembly sites, we performed statistical analysis of the FtsZ and FtsA colocalization data from~3000 cells. Out of the total cells, 11% of the mononucleoid cells showed unipolar assembly of FtsZ and FtsA while 27% of the mononuclear cells showed bipolar assembly. Thirty-two percent of cells showed nucleoids of unequal size and FtsZ/FtsA assembly was observed between the nucleoids and at both the poles in those cells. Seventeen percent of the population of cells showed equal-sized nucleoids having well-placed FtsZ/ FtsA between the nucleoids and at the distant poles. The remaining 13% of the cells showed multiple nucleoids having FtsZ/FtsA placed between the nucleoids and at the distant poles (Fig. 4) . These results clearly indicate the prevalent polar divisome assembly in H. pylori.
Asymmetrical, polar and differential peptidoglycan synthesis occurs in H. pylori
In order to clearly dissect cell divisome assembly and peptidoglycan synthesis, we used an antibiotic-based approach, probing cell wall biosynthesis. Fluorescently labelled vancomycin (Fl-vancomycin) was used to track peptidoglycan synthesis [54, 55] . H. pylori cells are vancomycin resistant but the drug molecule is incorporated into the cell wall at higher vancomycin concentrations (20 lgÁmL À1 ) [55] . We have observed that not only cell divisome but peptidoglycan synthesis takes place at the pole in H. pylori cells. In dividing H. pylori cells, peptidoglycan synthesis was observed at both the poles as well as in between the nucleoids (the new pole in daughter cells; Fig. 5A ). It has been observed that peptidoglycan synthesis is greater at one pole (new pole) while slow accumulation is observed at the older pole, as evident in all the panels in Fig. 5A . After careful observation of~100 bacterial cells with clear FL-vancomycin signal,~70% of the cells showed differential peptidoglycan synthesis suggesting more growth at one pole, as shown in the pie graph (Fig. 5B ). These observations strongly indicate asymmetric and differential cell wall synthesis in this bacterium. The specificity of FL-vancomycin was checked by tracking peptidoglycan synthesis in E. coli W3110 cells. FL-vancomycin staining was observed only in the mid-cell region or between the segregated nucleiods but not at the poles, as shown in Fig. 5C .
HpFtsZGFP retained its polar assembly in E. coli and showed trans-cinnamaldehyde sensitivity while HpFtsAGFP showed E. coli FtsZ-dependent assembly in E. coli cells
To investigate the expression and localization of HpFtsZ in a heterologous system, we used E. coli BL21DE3 cells. HpFtsZGFPMut3 was cloned in pET28a vector and BL21DE3 cells were transformed with the recombinant clone. Localization of the GFPMut3 fusion protein in bacteria was examined by fluorescence microscopy. HpFtsZGFPMut3 showed a similar pattern in E. coli cells as was found in H. pylori cells. It was localized at both the poles as well as in between the two poles (Fig. 6A ). When we observed the localization of FtsZ-GFP other than at the poles, we found an unusual localization, not between the separated nucleoids but over the nucleoid as evident in panels 2 and 3 of Fig. 6A . Around 10% of the cells showed this kind of localization. The expression of HpFtsZGFPMut3 was detected using antibodies against GFP (Fig. 6B) .
To further confirm the authenticity of FtsZGFPMut3 foci formation, we treated HpFtsZ-GFP-expressing E. coli cells with 100 lM trans-cinnamaldehyde, a FtsZ polymerization inhibitor [56] . After treatment, the HpFtsZGFPMut3 signal was diffused throughout the cell (Fig. 6C ). This result confirms the authenticity of the HpFtsZGFPMut3 signal in untreated cells. In treated cells, we observed an elongated phenotype suggesting trans-cinnamaldehyde was active in those cells. Further, we extended our study to track the localization of HpFtsA in E. coli BL21DE3 cells by using a similar approach to that used for HpFtsZ. HpFtsAGFPMut3 was cloned in pET28a and localization of HpFtsAGFPMut3 was examined by fluorescence microscopy. On analysis under the microscope, HpFtsAGFPMut3 was seen only at the middle of the cell in dividing cells; however, in mononucleoid (nondividing) cells, it did not show any foci, suggesting EcFtsZ-dependent assembly of HpFtsA (Fig. 6D) . Expression of fusion protein was confirmed by western blot analysis using anti-HpFtsA antibodies (Fig. 6E) . To confirm EcFtsZ-dependent localization of HpFtsA, we treated cells expressing HpFtsAGFPMut3 with trans-cinnamaldehyde. Upon treatment HpFtsAGFPMut3 foci became diffused (Fig. 6F) to avoid a possible overexpression artefact.
The localization of HpFtsZ in E. coli showed its intrinsic polar affinity and thus could be the driving force for polar divisome assembly in H. pylori cells.
H. pylori replisome and divisome complex are assembled simultaneously at the poles and remained associated with each other throughout the cell cycle An IFA was performed to establish a possible link between DNA replication, cell division and membrane synthesis in H. pylori. To find any possible link between DNA replication and membrane synthesis, we immunolocalized DNA replication proteins with the membrane marker FM1-43FX. All the DNA replication marker proteins, SSB, DnaB along with DNA replication initiator protein DnaA showed strong association with the membrane synthesis apparatus. The antibody specificity and immune localization of DnaA are shown in Fig. 7A ,B. The replication foci were found associated predominantly at the growing pole in mononuclear cells, while in dividing cells foci were observed at poles as well as between the nucleoids (Fig. 7C-E) . Since DNA replication machinery was also found associated with the membrane synthesis apparatus, we decided to study the correlation between DNA replication and cell division processes by immunolocalization of DNA replication proteins with cell divisome components using polyclonal antibodies. We performed colocalization studies of DNA replication proteins DnaA, SSB and DnaB with cell division proteins FtsA and FtsZ, in fixed H. pylori 26695 cells.
DNA replication proteins were found associated with cell division proteins both at the poles and at the middle. The localization of DNA replication proteins was mainly observed at the poles only and found to be colocalized with cell division proteins ( Figure 7F-H) . Surprisingly, both HpSSB and HpDnaB showed permanent association with cell division proteins throughout the H. pylori cell cycle. It may be possible that both DNA replication and cell division start simultaneously at one pole and subsequently move to the middle, due to unipolar growth of cells. The colocalization data revealed strong association and coordination between these two processes.
Discussion
The bacterial cell cycle has been described as a composite of linked, not necessarily coupled, cycles of replication, segregation and cell division, strictly ordered in space and time [57] . In this work we attempted to visualize the intracellular localization of the crucial components of the replisome and divisome complexes in the slow growing human pathogen H. pylori and examine their linkage with cellular growth and division. DNA replication and cell division are two of the core processes by which any organism propagates itself. Although there is an abundance of scientific insight into the two phenomena in different bacterial systems, there is a definite paucity of information in the case of H. pylori, which is an important pathogenic organism. The unusual distribution of dcw genes, which are found scattered throughout the genome, compared with other bacteria, where they are clustered, highlights another level of complexity. To study the cell division, we generated GFP-tagged FtsZ expressed in H. pylori P12 cells and also generated antibodies against cell division proteins FtsZ, FtsA and FtsK. Live cell imaging and an immunolocalization study of FtsZ suggest a polar assembly of the divisome complex in H. pylori. We found that FtsZ is assembled at cell poles in non-dividing mononucleoid cells and between the poles but not always at the exact cell middle in dividing cells. Around 35-37% of dividing H. pylori cells showed nuclei of two different sizes. Eventually, FtsZ assembly was observed between the separated or separating nuclei inferring proper positioning of the FtsZ ring when cells are ready to divide. The association of FtsA with FtsZ proves the possible functionality of the divisome complex at both the poles as well as at the middle of the cell. These results suggest polar and asymmetric cell divisome assembly with polar, not lateral, growth, unlike E. coli and B. subtilis, but rather like Mycobacteria [58] . In E. coli and B. subtilis the cell divisome assembles at the cell middle in between the separated nuclei only in dividing cells [17] .
Staining of H. pylori cells with membrane dye and its colocalization with FtsZ revealed polar asymmetric membrane synthesis and unipolar growth and cell division in the organism. The association of FtsZ with membrane accumulation further confirms the cell divisome formation at the poles of H. pylori, suggesting that possibly FtsZ also regulates the membrane synthesis in H. pylori as has been reported in E. coli where FtsZ and MreB control the lateral cell wall synthesis [59] .
To observe FtsK involvement in cell division, we immunolocalized the FtsK protein in fixed H. pylori B28 cells. FtsK was also associated with the divisome complex formed by FtsZ and FtsA as evidenced by its colocalization with FtsA. FtsK is a DNA translocase that pumps DNA in a unidirectional manner and maintains a link between cell division and DNA replication and chromosomal segregation [8, 9, 60, 61] . Our study emphasizes that FtsK is also a part of the divisome complex and is localized at the poles along with FtsZ and FtsA proteins. The polar divisome assembly and recruitment at the poles of FtsK, which is a late division protein, shows that most of the proteins of the divisome complex are assembled at the poles in H. pylori. It may be possible that the divisome complex at one pole is more active than that at the other, since FtsK is a DNA pump that pumps DNA from one direction to other in a sequence-dependent manner. In E. coli translocation is guided by 8-bp 5 0 -GGGNAGGG-3 0 consensus DNA sequences termed FtsK-orienting polar sequences (KOPS) [29, 62, 63] . Sequence dependency restricts the activity of those divisome complexes that do not encounter the KOPS making only one divisome active, which is near the replication factory. FtsK is activated at the septal divisome only after the daughter chromosomes are resolved through site-specific recombination at Dif site. Possibly its motor function is not active at the pole. Therefore, although FtsZ, A and K are seen as colocalized foci both at the pole and in central regions of the growing cell, the complexes might have different functions. It is possible that FtsK and the divisome complex encounter the KOPS and pump the DNA unidirectionally towards the fast-growing pole; in response to the influx of DNA, one pole starts faster peptidoglycan and membrane assembly, but the distant pole shows slower growth, since we have seen a higher amount of membrane synthesis at the pole containing DNA replication foci. The differential and unipolar growth produce a pattern in which growing and dividing cells may show asymmetric cell division, with one smaller and one larger divisome assembly. However, during division, H. pylori cells attain normal size since unidirectional growth and DNA movement is continuous. To prove the above hypothesis, we investigated peptidoglycan synthesis, with fluorescent vancomycin, which inhibits the peptidoglycan polymerization and thereby marks the site of cell wall synthesis. In nondividing cells, we found polar peptidoglycan synthesis showing higher accumulation at one pole. In the dividing cells, it is found at the septum as well as at one pole, suggesting polar and differential growth and peptidoglycan synthesis in H. pylori.
The polar localization of HpFtsZGFPMut3 in E. coli cells suggests that HpFtsZ has an intrinsic affinity for the poles. FtsZ is the driving molecule that nucleates the polar assembly of the cell divisome in H. pylori. However, HpFtsA showed middle assembly between the nucleoids, showing E. coli FtsZ-dependent assembly.
From these data, we may conclude that H. pylori has a unique cell division profile. We have earlier reported polar replisome formation in H. pylori [38] . It is possible that the pole at which DNA replication is happening grows faster than the other pole causing asymmetric cell growth. To study the association of DNA replication with cell division, we immunocolocalized both cell division and DNA replication proteins in H. pylori cells. Upon IFA study, we found perfect association of DNA replication with cell division. All the DNA replication proteins, including DnaA, DnaB and SSB, were colocalized with cell division proteins FtsZ and FtsA. Colocalization of DNA replication foci with cell division foci revealed the coassembly of cell division and DNA replication proteins at the poles of H. pylori. The study of DnaA, the DNA replication initiator protein, with membrane dye and FtsA at poles suggests that both DNA replication initiation and cell division assembly are simultaneous and there is no lag between these two processes, as reported for other systems including E. coli, B. subtilis and C. crescentus, where divisome assembly is delayed and assembly of division proteins occurs after the DNA initiation or after the completion of DNA replication. The association of DNA replication proteins DnaB and SSB with FtsZ and FtsA further shows the possibility of tight association of the DNA replisome and cell divisome complex. Both DnaB and SSB are components of the active replisome and moving fork.
It is possible that both the cell divisome and replisome complex are assembled at the poles simultaneously, where the DNA replisome complex starts synthesizing DNA and at the same time the cell division complex triggers septation (Fig. 8) . Due to the presence of FtsK in the divisome complex, the movement of replicated DNA continues from the closing septum in a unidirectional manner giving rise to a condition of asymmetrical cell division in H. pylori. The subsequent association of membrane synthesis and peptidoglycan machinery with the division and replication complex facilitates the growth of cells in one direction. During growth, these asymmetric cells gradually attain the size of normal cells and finally divide into two equal-sized daughter cells. We have seen many cells (32-37%) with unequal-sized nucleoids that support the above hypothesis. Based on the previous and current study, we propose the model for DNA replication and cell division in H. pylori shown in Fig. 8 .
Experimental procedures

Strains and growth condition
Details of the E. coli and H. pylori bacterial strains used in the study are listed in the Table 2 . Cells were grown in Luria-Bertani broth (Difco, Houston, TX, USA) in the presence of suitable antibiotics at 37°C. E. coli DH10b cells were used for plasmid construction and BL21DE3 cells were used for protein expression and purification.
H. pylori culture H. pylori strains 26695, P12 and B28 were grown on brain heart infusion agar supplemented with 10% horse blood serum (Invitrogen, Carlsbad, CA, USA), 0.4% IsoVitaleX and antibiotics amphotericin B (8 lgÁmL À1 ), trimethoprim (6 lgÁmL À1 ) and vancomycin (10 lgÁmL À1 ) as and when needed. The plates were incubated at 37°C under microaerobic conditions (5% O 2 , 10% CO 2 through gas pack from BD (Sparks, MD, USA) or in CO 2 incubator).
To transform the H. pylori cells with recombinant plasmids, a natural transformation method was used [64] . Briefly, 1 lg of recombinant plasmid as appropriate was added in the liquid culture (D~0.2) and cells were allowed to grow for 24 h. Post-growth cells were pelleted by centrifugation at 1500 g and spreaded on kanamycin (6 lgÁmL À1 ) plates. Single colonies were picked and checked for the expression of the desired protein.
Analysis of H. pylori genome to determine the genomic position of dcw cluster genes
To determine the genomic locations of dcw genes in different H. pylori strains, we used the BioCyc Database Collection [65] . Individual genes were searched using the H. pylori database and positions of the genes and their operons were determined subsequently.
DNA manipulation
The constructs and primers used for the study are enlisted in Tables 2 and 3 respectively. H. pylori 26695 genomic DNA was used as template for amplification of genes. For expression of recombinant proteins, pET28a and pGEX-6P-2 vectors were used. HpFtsZ, HpFtsA, HpFtsK and HpDnaA genes were PCR amplified by using specific primer pairs: HpFtsZNdeIFw and HpFtsZXhoIRv for cloning of HpFtsZ; HpFtsKNdeIFw and HpFtsKBamHIRv for HpFtsK; and HpDnaABamHIFw and HpDnaABamHIRv for HpDnaA, as given in Table 3 . The amplified PCR products were inserted in pET28a vector. Cloning of HpFtsZGFPMut3 was done by using a three-step PCR. First, the coding sequence of FtsZ was amplified by using HPFTSZBAMHIFW and HPFTSZGFPRV primer pairs. The reverse primer of FtsZ had 15 bp reverse complementary sequence to the initial 15 bp coding sequence of GFP starting from ATG at the 3 0 end. Similarly, GFPMut3 was amplified by using GFPMUT3FTSZFW and GFPMUT3S-ACIRV primer pairs and the pET28aSSBGFPMut3 clone was used as a template. The forward primer of GFPMut3 contained 15 bp reverse complement sequence of FtsZ 3 0 at its 5 0 end. The FtsZ fragment was devoid of stop codon sequences. Following the PCR, both the PCR products were mixed in a 1 : 1 ratio and a PCR reaction was again set up to amplify the complete FtsZGFPMut3 coding sequence. HPFTSZBAMHIFW and GFPMUT3SACIRV primers were used for PCR amplification. The final PCR product was inserted in BamHI and SacI sites of the pET28a vector. For the cloning of FtsZGFPMut3 in pWS311 vector (the plasmid was obtained from Prof. Wolfgang Fischer's group, Germany as a gift; it is an episomal shuttle expression vector with kanamycin antibiotic resistance marker and cagA promoter for the expression of the desired proteins in H. pylori), FtsZGFPMut3 coding sequence was amplified by the above clone using HPFTSZNdeIFw and GFPMUT3KpnIRV primer pairs. In mononuclear cells, divisome complex assembles at both the poles while replisome complex assembles at only one pole where oriC is situated. As the replication is started at one pole, cell divisome complex starts septation as well as elongation of cell wall to accommodate replicated DNA. Following the elongation, replicated oriC becomes exposed to replisome assembly. The replisome assembly is followed by cell divisome assembly at the growing pole. This situation appears as asymmetric cell division. As the elongation continues, FtsK pumps DNA through closing septa. It is possible that KOPS, involved in nucleoid segregation (as described earlier), is involved in this process. However, we need to characterize the KOPS in H. pylori. Once encountered by KOPS, DNA transfer is stopped and segregation of daughter nuclei occurs at the cell middle. Segregation is followed by cell division giving rise to two equal-sized bacteria.
Since Phusion polymerase generates blunt end product, PCR product was only digested with KpnI enzyme, leaving the 5 0 end blunt (the GFP coding sequence contains an NdeI site; to keep coding sequence intact, we went for blunt/sticky end cloning). The pWS311GFPMut3 clone was first digested with NdeI, followed by end-filling using the Klenow fragment. The reaction was stopped by heating at 80°C. Subsequently processed vector was again digested with KpnI enzyme to produce a 3 0 overhang. The processed insert and vector were ligated to get recombinant clone. For cloning of HpFtsAGFPMut3, the HpFtsA gene was amplified from H. pylori 26695 genomic DNA, by using HpFtsABamHIFw and HpFtsASacIRv primers and was inserted in the pETHpSSBGFPMut3 clone after removal of the HpSSB gene. For cloning of HpFtsA in pGEX-6P-2 vector, the HpFtsA gene was amplified from H. pylori 26695 genomic DNA by using HpFtsABamHIFw and HpFtsAXhoIRv primers and inserted between BamHI and XhoI restriction site. All the clones were confirmed by restriction enzyme digestion followed by sequencing.
Protein purification, antibody generation and western blotting
For protein purification BL21DE3 cells were transformed separately with recombinant clones, pET28aHpFtsZ, pET28aHpDnaA and pET28aHpFtsK. Each transformant was grown in LB medium containing 100 lgÁmL À1 kanamycin at 37°C. Primary culture grown overnight was diluted in fresh medium and allowed to grow until D 600 reached~0.5. The culture was induced with 0.5 mM IPTG and transferred to 22°C. After induction for 8-10 h, cells were harvested and processed for recombinant protein extraction and purification [44] . Briefly, the His 6 -tagged proteins HpFtsZ, HpDnaA and HpFtsK were purified by using Ni-nitrilotriacetic acid agarose beads (Qiagen, Hilden, Germany) according to the manufacturer's protocol. The eluted proteins were analyzed by SDS/PAGE. The purified His 6 -tagged proteins were used to generate polyclonal antibodies in mice by using the protocol described by Harlow and Lane [66] . The specificity of antibodies was checked by western blot analysis using, E. coli BL21DE3, H. pylori 26695 and P12 cell extracts.
Live cell imaging
For live cell imaging we applied the agarose pad method, as explained by Skinner et al. [67] . The imaging was recorded using an inverted Olympus fluorescence microscope at 9100 magnification. CELLSENS AND ADOBE PHOTO-SHOP 7.0 software were used for image analysis and processing.
FM1-43FX and Fl-vancomycin staining of H. pylori cells
Freshly harvested cells from plate culture were washed twice with PBS and suspended in the same buffer. The diluted solution (~100 lL) was transferred to a poly-Llysine-coated coverslip, allowed to stand for 5 min and the residual liquid removed (by suction). FM1-43FX dye was diluted in PBS containing DAPI; the solution was added to the coverslip and the residual liquid was removed after incubation for 10 min. The coverslip was mounted on a glass slide and imaged under an inverted Olympus fluorescence microscope at 9100 magnification. These stained coverslips were used for IFA study. For Fl-vancomycin staining, Fl-vancomycin (10 lgÁmL À1 ) was diluted in DAPI solution (2 lgÁmL À1 ) containing 50 lgÁmL À1 vancomycin and added to the bacterial suspension. After incubation for 10 min, cells were washed with PBS and transferred to a poly-L-lysine-coated coverslip. The recording of images and their analysis and processing were done as described above.
Immunofluorescence assays
H. pylori cells were harvested from the growing plate or liquid cultures and washed in PBS three times to remove media components. The cells were fixed with chilled 4% formaldehyde in PBS for 10 min and spread on poly-Llysine-coated coverslips. For IFA studies, cells were washed with PBS and treated with permeabilization buffer (0.3% Triton X-100 in PBS) for 20 min at room temperature. Cells were further washed with PBS and blocked with 3% BSA in PBS for 1 h. Following the blocking, cells were incubated with respective primary antibodies for 1 h. Subsequently, after washing with PBS, cells were incubated with conjugated secondary antibodies anti-mice Alexafluor 594 and anti-rabbit Alexafluor 488, along with DAPI at a final concentration of 2 lgÁmL À1 (anti-rabbit Alexafluor was used for FtsA primary antibodies, generated in rabbit). Imaging was performed under a fluorescence microscope (Axioimager.Z1, Carl Zeiss Micro Imaging, Carl Zeiss Microscopy GmbH, Jena, Germany) equipped with an AxiocamHRm CCD camera and a 9100 objective. Image processing and analysis were performed as described above.
Cell fractionation
H. pylori cells were resuspended after harvesting in 50 mM Tris pH 8.0, 100 mM NaCl, 1% NP40, 1 lM PMSF. Lysozyme (10 lgÁmL À1 ) was added and the mixture was incubated at 4°C for 30 min. After lysis, sample was sonicated and centrifuged at 10 000 g at 4°C for 30 min. Supernatant was collected and centrifuged at 100 000 g in an ultracentrifuge for 30 min to separate cytosolic and membrane fractions. The membrane fraction was suspended in an equal amount of lysis buffer as of the cytosolic fraction. The membrane and cytosolic fractions were mixed with SDS/PAGE sample loading buffer and run on 13% SDS/ PAGE. Gel was transferred to PVDF membrane and probed with antibodies against FtsZ, FtsA and SSB.
In vitro pull-down assay to show interaction between HpFtsZ and HpFtsA
To see the interaction between FtsZ WT and FtsA, an in vitro pull-down assay was performed. For the pull-down assay, 6 lg of FtsA-glutathione S-transferase (GST) bead was incubated with 6 and 12 lg His6-FtsZ in pull-down buffer containing 50 mM Tris/HCl pH 8.0, 100 mM KCl, 10 mM MgCl 2 , 1 mM DTT, 1 mM GTP, 1 mM ATP. The reaction mixture was incubated at 4°C for 1 h in a rotating shaker to allow the interaction between the two proteins. The equilibrated GST-agarose beads were added after the incubation and proteins were allowed to bind with the beads. Following the binding, beads were precipitated and washed three times with pull-down buffer containing 1% NP40. Washed beads were again precipitated by centrifugation at 1000 g for 2 min and resuspended in SDS/PAGE loading buffer. After boiling for 10 min, the sample was run on SDS/PAGE. Gel was stained with Coomassie dye. To rule out non-specific interaction between HpFtsZ and GST, 12 lg GST-only protein was mixed with 12 lg His 6 -FtsZ and treated similarly as explained for FtsA-GST protein.
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